The objective of the present study was to elucidate the mechanism underlying liver metabolic perturbations in dairy cows exposed to heat stress (HS). Methods: Liquid chromatography massabl spectrometry was used to analyze metabolic differences in livers of 20 dairy cows, with and without exposure to HS.
INTRODUCTION
Heat stress (HS) negatively impacts the performance of dairy cows, for example, reducing milk yields and quality, damaging animal health, and causing reproductive disorders [1] [2] [3] [4] [5] [6] [7] . Major economic losses due to HS in dairy cows are inevitable in most parts of the world, including southern China, the U.S., and Germany [8] [9] [10] . Considering ongoing rises in temperatures worldwide and the adoption of modern molecular genetic technologies aimed at increasing milk productivity, better responses to the problem of HS faced by the dairy industry need to be devised [2] .
In mammals, cell metabolism responds to HS via self-regulatory mechanisms [1, 11] . These mechanisms maintain body homeostasis in response to a rise in the temperature and humidity index (THI), which is used to measure the HS status of dairy cows [5, 12] . Physiological changes in response to HS are complicated and multifactorial. Therefore, studies of HS mechanisms in dairy cows have focused on whole body-related factors, such as dry matter intake, milk yield, rectal temperature, respiration rate, and heart rate, as well as molecular changes involving genes, proteins, and metabolites [1, [3] [4] [5] . Our previous metabolomic research on blood and milk in dairy cows affected by HS revealed metabolic perturbations involving carbohydrates, amino acids, and lipids [4, 5] . However, the mechanisms of HSinduced disturbances in dairy cows remain far from clear, as cellular metabolism in multiple organs responds to HS and other exogenous stimuli. Systematic whole-body metabolic responses of dairy cows to HS need to be studied to elucidate the mechanisms of HS in dairy cows and identify robust diagnostic biomarkers that can facilitate the selection of dairy cows with good tolerance to a high THI.
The liver is one of the major organs involved in the metabolism of proteins, lipids, glu-cose, amino acids, vitamins, and hormones [13, 14] , all of which have been shown to be disturbed in dairy cows exposed to HS [4, 5] . Therefore, studies of liver cellular metabolism should provide major insights into HS mechanisms in dairy cows. Untargeted metabolomics using liquid chromatography mass spectrometry (LC-MS) have enabled the detection of tens of thousands of metabolic features of cells, biofluids, and tissues; hence, LC-MS has become the primary platform for metabolic profiling experiments [15] . In our previous studies, using LC-MS, we discovered several potentially valuable biomarkers in blood and milk for diagnosing HS in dairy cows [4, 5] . In this study, we investigated metabolic differences in the livers of cows with and without HS using LC-MS to explore perturbations of metabolic pathways. In an attempt to provide a systematic perspective on the physiological mechanisms of HS in greater depth, we discuss the findings of the present study in conjunction with those of our earlier discoveries in blood and milk of heat-stressed dairy cows.
MATERIALS AND METHODS

Reagents and standards
High-performance liquid chromatography (HPLC) grade acetonitrile, isopropanol, methyl tert-butyl ether, water, formic acid, and ammonium formate were purchased from Merck (Darmstadt, Germany). All standard compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA). All internal standard compounds were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA), including [2, 3, 3, 4, 4 
Experimental groups
All experiments involving animals were conducted according to the principles of the Anhui Agricultural University Animal Care and Use Committee (Hefei, China). The study consisted of 20 Holstein cows, which were raised in a closed type cowshed to minimize the effects of photoperiods on their metabolism between different seasons. Ten cows were assigned to a HS group, and another 10 were assigned to a non-HS group. All the animals were fed the same diet. Data on the numbers, lactation days, 305-day milk yield, and body weight of the dairy cows are presented in Table 1 . Details on feed composition, temperature, humidity, rectal temperature, respiration rate, and production characteristics of the two groups of dairy cows are provided in Supplementary Tables S1-S4 in the supplementary material. Rectal temperature and respiration rate, dried matter intake, milk yields, protein, milk urea nitrogen, and somatic cell count were significantly different (p<0.01) between non-HS and HS groups.
Sample collection
Liver samples were collected immediately after the dairy cows (n = 10 in each group) had been slaughtered. The samples were obtained from the HS group in August (summer season) after the natural THI had increased from 72.3 to 86.7 over a 1-month period and had remained stable at 81 for 1 week. Samples were obtained from the HS-free group (n = 10) in November (fall season) after the THI had gradually decreased from 60 to 47 over a 1-month period. The THI was calculated using the following formula, according to criteria developed by the NRC in 1971: THI = (1.8×Tdb+32)-[(0.55-0.0055×RH) ×(1.8×Tdb-26.8)], where Tdb was the dry-bulb temperature (°C) and RH was the relative humidity (%). The liver samples (approximately 1 g) were clipped and washed quickly 10 times in phosphate-buffered saline (pH 7.2 to 7.4: KCl 2.7 mM, NaCl 137 mM, KH 2 PO 4 2 mM, and Na 2 HPO 4 10 mM). A portion of the tissue samples was immediately stored in liquid nitrogen.
Sample preparation
The samples were prepared with reference to the previous literature but with some modifications [16] . Briefly, beads were added to 30 mg of a liver sample using a metal spatula, which was precleaned with HPLC-grade methanol. Tissues were homogenized in a bead ruptor by quickly spinning the samples at 4°C at a speed of 4 m/s for 5 s and two cycles. The samples were then centrifuged at 12,000 rpm at 4°C for 5 min. The supernatants were collected and then dried in a micVac vacuum centrifugal concentrator. Finally, the dried samples were reconstituted in 1 mL of initial mobile phase for LC-MS analysis.
LC-MS/MS analysis
The conditions of chromatography were as described previously [4] . An Ultimate 3000 UHPLC system was coupled to an Q-Exactive MS instrument (Thermo Scientific, Bremen, Germany). Chromatographic separation was conducted using a Waters HSS T 3 column (1.8 μm, 100 mm×2.1 mm). The Q-Exactive MS operation was carried out in both positive and negative ion modes. The resolution of the full scan was set at 35,000, and the scan range was m/z 50 to 400. To generate the tandem mass spectrometry data, the resolution was set at 17,500: automatic gain control target, 1e 6 ; maximum ion injection time, 100 ms; isolation window, 1 m/z; and stepped normalized collision energy at 25, 35, and 45.
High-resolution MS, isotope abundance ratios, MS/MS, the Human Metabolome database, the METLIN database, a literature search, and standard comparisons were employed to identify ion structures.
Data handling
Raw data were converted to mzXML format using MassMatrix MS Data File Conversion Tools (www.massmatrix.net). Full details of the next step in the data analysis have been described in our previous paper [4] . Briefly, the files were processed using an open-source XCMS package (version 1.20.1) in R statistical software (version 2.10.0) for peak discrimination, filtering, and alignment. The resulting two-dimensional matrices, including observations (sample names) in columns, variables (m/z-retention time pairs) in rows, and peak areas, were imported into the SIMCA-P 13.0 software package (Umetrics AB, Umeå, Sweden) for multivariate analysis and discovery of metabolite candidates.
The sensitivity and specificity of all candidate biomarkers were evaluated by plotting receiver operating characteristic (ROC) curves using SPSS (version 13.0), and calculating the area under the curves (AUC). The discriminatory power of candidate biomarkers was ranked and visualized by heat maps.
RESULTS
Quality assessment of the LC-MS data
A multivariate analysis of quality control samples showed that the stability of the analytical system was acceptable [4] and that the deviation in peak areas was less than two standard deviations. Representative total ion chromatograms of the liver samples are shown in Supplementary Figure S1 in the supporting data.
Comparison of the metabolic profiles of HS and non-HS groups
The orthogonal partial least squares discriminant analysis (OPLS-DA) plots for analyzing the LC-MS data of the dairy cows showed a clear separation between the non-HS and HS groups, without any overlap ( Figure 1A ). This model produced one predictive component and two orthogonal components, with satisfactory modeling and predictive abilities: (R 
Identification of metabolic candidates and their structures
The LC-MS data analysis showed that 321 metabolites differed in the non-HS versus the HS groups, with 39 of these metabolites remaining after elimination of redundant variables using a combination of extracted ion chromatograms (XICs) and the R-package CAMERA. Finally, 33 candidates were identified. Of these, 21 and 12 metabolic candidate biomarkers were confirmed in positive and negative ion modes, respectively.
ROC evaluation of potential diagnostic biomarkers
The diagnostic power of the 33 metabolic candidates to indi- cate HS status was assessed by ROC analyses (Figure 2 ). The discriminatory power of each candidate was ranked using heat maps, and only those with an AUC>0.65 were accepted. Eight candidates (glucose, lactate, β-hydroxybutyrate [BHBA], fumaric acid, glycine, uric acid, uridine, and creatinine) were identified as potentially reliable diagnostic biomarkers of the HS status of lactating dairy cows based on an AUC>0.85, which is considered to denote a highly sensitive and specific diagnostic biomarker [4] .
Metabolic alterations
The concentrations of the candidate metabolites are listed in Table 2 . HS-induced alterations in glycolysis-related metabolites were observed in glucose, lactate, pyruvate, fructose 1,6-bisphosphate, D-glyceraldehyde 3-phosphate, and glucose 6-phosphate/fructose 6-phosphate. The concentrations of the first three metabolites increased 1.54-to 1.89-fold in the HS group compared with the non-HS group (p<0.01), whereas those of the last three metabolites decreased 0.44-to 0.78-fold (p<0.01). The concentrations of acetoacetate and BHBA (ketone metabolites) increased 1.52-and 1.98-fold, respectively, in the HS group compared with the non-HS group (p<0.001). The concentrations of tricarboxylic acid (TCA)-related metabolites, such as malic acid, ketoglutaric acid, succinic acid, fumaric acid, citric acid, and oxalacetic acid, were significantly changed in the HS group compared with the non-HS group, with concentrations of the first four metabolites decreased 0.50-to 0.62-fold (p<0.01) and those of the last two metabolites increased 1.37-and 1.78-fold (p<0.05), respectively. The concentration of choline increased 1.59-fold in the HS group compared with the non-HS group (p<0.01). Metabolites, including glycine, asparagine, glutamate, threonine, proline, valine, methionine, isoleucine, and histidine, involved in amino acid metabolism were down-regulated 0.63-to 0.78-fold in the HS group as compared with the non-HS group (p<0.01), with the exception of leucine, urea, and creatinine, which were upregulated 1.24-to 1.70-fold (p<0.01). HS-induced alterations in nucleotide-related metabolites (orotic acid, uridine 5′ -monophosphate, uric acid, adenosine monophosphate, uridine, and uracil) were also observed, with the concentrations increased 1.46-to 2.26-fold in the HS group as compared with the non-HS group (p<0.01).
DISCUSSION
Potential diagnostic biomarkers of HS status
In this study, 33 metabolite biomarkers were identified that may have potential in detecting the HS status of dairy cows. As can be seen, 15 (glucose, lactate, pyruvate, acetoacetate, BHBA, fumaric acid, citric acid, choline, glycine, proline, isoleucine, leucine, urea, creatinine, and orotic acid) of the 33 potential biomarkers were also discovered in blood or milk in our previous studies [4, 5] . Thus, these 15 candidate biomarkers best represent the global HS metabolic status of dairy cows. These 15 metabolites may be used to provide accurate information on the degree of HS in dairy cows. They may also facilitate the selection of breeds and individual animals that can best tolerate a high THI. 
Disturbed glycolysis
In the present study, HS-induced upregulation of lactate and pyruvate in the liver (p<0.01) pointed to increased anaerobic glycolysis. In common with this finding, lactate and pyruvate were also upregulated in blood and milk in heat-stressed dairy cows in our previous studies [4, 5] . This finding indicates that there are characteristic increases in anaerobic metabolism in heat-stressed dairy cows. The role of HS in reducing dry matter intake of dairy cows, which leads to a negative energy balance (NEB), is well known [3, 11] . Our previous findings suggested that HS resulted in increases in oxygen consumption by myocardia and muscles and decreases in oxygen supply, leading to upregulation of anaerobic glycolysis and anaerobic cell respiration [4] . In comparison to high-yielding ATP following complete oxidation of a single molecule of glucose, low-yielding ATP via anaerobic glycolysis further aggravates NEB [17] . The vast majority of whole-body gluconeogenesis is realized in the liver [18] . Thus, the increased glucose concentrations found in the liver in the present study are the result of activated gluconeogenesis metabolism as a result of a NEB. The aforementioned is an adaptive mechanism for maintaining energy homeostasis in response to HS. In our previous study, we found a reduced level of glucose in plasma of heat-stressed dairy cows [4] . We hypothesize that HS induced a reduction in intake and that this contributed to a shortage of glucose supply in the whole body. In muscle and other tissues, increased glycolysis could be an alternative route to produce ATP when mitochondrial function is compromised or oxygen levels are low, thereby further reducing the level of glucose in the circulatory system. Upregulation of gluconeogenesis metabolism in the liver is not sufficient to compensate for this glucose shortage. Thus, the alterations in glucose metabolism observed in liver in the present study differed from those observed in plasma. A previous study reported down-regulation of fructose 1,6-bisphosphate, D-glyceraldehyde 3-phosphate, glucose 6-phosphate, and fructose 6-phosphate, pointing to HS-induced disturbances in glycolysis [19] . Seven metabolites (lactate, pyruvate, β-BHBA, glycine, proline, isoleucine, and urea) detected in our previous study of plasma and milk in dairy cows exposed to HS were also perturbed in the liver samples in the present study (Figure 3 ). This finding points to a whole body response, which includes glycolysis, fat metabolism, and energy redistribution, of dairy cows to HS.
Ketone metabolism
In the present study, both acetoacetate and β-BHBA, metabolites of acetyl-CoA, were upregulated in the HS group. Under NEB states, β-oxidation of free fatty acids is increased to produce energy to fulfil the demands of the body [20] . Accordingly, in the present study, the concentration of acetylCoA was raised, and ketone metabolites were increased in the HS group. These perturbations were in line with the results found in plasma and milk of heat-stressed dairy cows in our previous studies [4, 5] .
Tricarboxylic acid intermediates
The present study revealed marked changes in the concentrations of TCA in the HS group, indicating mitochondrial dysfunction and an energy crisis [19] . These changes included increased concentrations of citric acid and oxalacetic acid, as well as decreased concentrations of malic acid, ketoglutaric acid, succinic acid, and fumaric acid. This finding suggested that HS exerted different effects on the catalysis of enzymes in different steps of the biochemical reactions with TCA. HSinduced upregulation of β-BHBA provided further evidence of perturbation of mitochondrial function.
Amino acid metabolism
The liver is the major site of gluconeogenesis [21] . In the present study, amino acids, including glycine, asparagine, glutamate, threonine, proline, valine, methionine, isoleucine, and histidine, were down-regulated in the HS group, pointing to increased conversion of these metabolites into glucose to maintain homeostasis and supply energy during periods of NEB in dairy cows [22] . Mobilization of body fat may lead to the formation of ketone bodies, such as acetoacetate, acetone, and BHBA, which can then be used for energy supply or milk fat synthesis [4, 5] . The finding of elevated levels of creatinine and urea in the present study was in accordance with that found in plasma of heat-stressed dairy cows in our previous studies [4, 5] . The time points could point to the use of skeletal muscle energy reserves and mobilization of muscle tissues during periods of NEB in dairy cows to fulfill energy demands [4, 5] . Leucine, which is not the same as glycogenic amino acids, was increased in dairy cows exposed to HS, likely due to an increased supply from HS plasma.
Nucleotide metabolism
Perturbations of nucleotide metabolites, such as orotic acid, uridine 5′-monophosphate, uric acid, adenosine monophosphate, uridine, and uracil, were observed in the present study in the HS groups.
Adenosine monophosphate, a compound in DNA and RNA, is involved in purine-pyrimidine metabolism. HS-induced increases of these metabolites suggested that nucleotide metabolism was altered by HS [23] . Previous studies revealed correlations between genome-wide associations and heat tolerance in dairy cattle [24, 25] . This finding suggests that nucleotide metabolites are potential biomarkers in selection for tolerance to HS in dairy cattle.
We can get a picture of how HS affects metabolite profile by putting all the research results of plasma, milk, and live of HS dairy cows together. First in the liver, glycolysis was increased in HS groups, with the sign of up-regulation of pyruvate and lactate. Although the different alterations were identified for intermediates from glucose to pyruvate, such as fructose 1,6-bisphosphate, D-glyceraldehyde 3-phosphate, glucose 6-phosphate/fructose 6-phosphate were down-regulated. These intermediates can be converted to glycogenic amino acid for the gluconeogenesis requirements [18, 21] . The increases of glycolysis were also found in plasma and milk studies of HS dairy cows [4, 5] . Second, the increased ketone in the liver of HS group, including acetoacetate and β-BHBA, suggested an enhancement of β-oxidation of free fatty acids to satisfy energy demands of the NEB body [20] . This kind of ketone metabolism was also detected in milk and plasma studies of HS dairy cows [4, 5] . Third, marked changes of liver TCA metabolism in the HS group was an evidence of mitochondrial dysfunction and an energy crisis [19] . As far as we know, no publications had been reported about this TCA alterations in liver of HS dairy cows, and it may be a specific response to HS stimuli. Since TCA is a common metabolic pathway for various fuel molecules, such as amino acids, fatty acids, also the precursors of many biosysthesis, less perturbations of TCA responses to HS may be a gold reference for the selection of dairy cows more tolerable to HS conditions. Fourth, amino acid metabolism exhibited different alteration trends among liver, plasma, and milk due to different metabolic influence factors. In liver, amino acids play important role in gluconeogenesis, and most of the them expressed down-regulation. In plasma, catabolism of myoprotein exerted major influences on increased amino acids concentrations in HS dairy cows [4] . In milk, down-regulated amino acids were supposed to be the short supply from plasma into mammary glandular cells due to more distribution of plasma amino acids into gluconeogenesis or energy production rather than protein synthesis in mammary glandular cells [5] . Disturbed nucleotide metabolism was discovered in liver, not in plasma or milk, and this disturbance was supposed to be potential biomarkers in selection for tolerance to HS in dairy cattle [24, 25] . Although nucleotide disturbance was not detected in HS plasma or milk several years ago of our previous studies, this alteration may be acquired in our next specific metabolic pathway or targeted metabolomics study due to our continuously improved detection sensitivity of analytical techniques and methods. Then, nucleotide can become practical biomarkers due to easily sample collection without slaughtering animals.
The metabolism of an animal is always in a state of dynamic equilibrium in which the influx of nutrients is balanced by the production of energy in catabolic and anabolic processes. Metabolic heat production of dairy cows increases with the level of milk synthesis, making high-yielding dairy cows extremely susceptible to environmental heat. When ambient temperatures exceed the thermoneutral zone of lactating dairy cows, feed intake declines, which contributes to reduction in milk production and loss of body weight [26] . As a result, dairy cows produce less metabolic heat and are less susceptible to environmental heat [26] . Besides the reduction in energy expenditure, metabolic adaptation to thermal stress also involves a shift in postabsorptive metabolism and nutrient partitioning to reduce endogenous heat production.
Direct and indirect effects (e.g., reduced intake) of environment-induced hyperthermia must be distinguished because both heat-stressed and malnourished animals share common responses (i.e., reduced milk yield). A previous study reported that reduced nutrient intake accounted for just 35% of HSinduced decreases in milk yield, with modest changes in the somatotropic axis possibly contributing to a portion of the remainder [27] . Thus, a combination of HS and reduced intake may have contributed to the results of the present study.
CONCLUSION
Global changes in metabolic networks suggest that biofluids (e.g., serum, plasma, and milk) may reflect changes in the physiological status of heat-stressed dairy cows. LC-MS techniques enable comprehensive analyses of metabolic profiles, and they can be used to identify potential biomarkers of HSinduced metabolic disorders in lactating dairy cows. Eight metabolites were identified as sensitive potential biomarkers in detecting the HS status of dairy cows. The data obtained from the metabolomics analyses of livers from dairy cows exposed to HS were highly consistent with potential biomarkers (e.g., glucose, lactate, pyruvate, acetoacetate, BHBA, fumaric acid, citric acid, choline, glycine, proline, isoleucine, leucine, urea, creatinine, and orotic acid) identified in analyses of candidate biomarkers in plasma or milk in heat-stressed lactating dairy cows. Additional analyses of other organs, such as the brain, mammary glands, hypothalamus, and pituitary tissues, are required to provide a more comprehensive perspective of the physiological mechanisms involved in HSinduced metabolic alterations.
